ABSTRACT This paper presents a regroup method based on reassigned smoothed pseudo Wigner-Ville distribution (RSPWVD) to detect time-varying interference for global navigation satellite system (GNSS) receivers with a single antenna. In order to prove the effectiveness and superiority of the introduced method, the theoretical analysis and performance simulation has been performed between the proposed method and the classical time-frequency analysis methods. The performance of the proposed method has been accessed by experiments with the real BDS B1I signals corrupted by the linear frequency modulation (chirp) interference. The actual performance of experiments has been used to test theoretical analysis by the quantitative metric root mean square error of the instantaneous frequency estimation. The results of experiments depict that the regroup method based on RSPWVD completely eliminates not only cross-term interferences but also end effects and provide better detection performance of time-varying interference compared with the classical time-frequency analysis methods for GNSS receivers with a single antenna.
I. INTRODUCTION
The Global Navigation Satellite System (GNSS) is developing rapidly throughout the world. Since 2000, the United States' Global Positioning System (GPS) modernization has been underway to provide further improved capabilities. Russia's Global Navigation Satellite System (GLONASS) has been revitalized in the past few years, reestablishing a full constellation and undergoing modernization. Europe is fielding Galileo to provide a worldwide system that is highly interoperable with GPS. While China has developed a Phase 2 regional BeiDou also known as COMPASS constellation and is building out a worldwide BeiDou Phase 3 system (BDS) consisting of 35 satellites and serving global customers upon its completion in 2020 [1] .
At present, the GNSS receivers are in a bad interference environment; especially those ordinary GNSS receivers which only have a single antenna. There are many report cases of GNSS failures which occurred in real situations [2] - [4] . Although the GNSS has a certain capability to be immune from interference, due to using the direct The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. sequence spread spectrum (DSSS), the performance of the GNSS receiver is degraded severely when jamming sources exceed the anti-jamming capability of the system. Therefore, interference detection and mitigation capabilities have become more and more important issues for GNSS applications. There are many kinds of interference detection and mitigation techniques, which can be classed into automatic gain control (AGC) technique [5] - [6] , digital signal processing techniques and receiver techniques from the signal processing stages of GNSS receiver.
Take the AGC technique for example; it acts as an adaptive variable gain amplifier [7] . In the case of no interference signal, the AGC changes slowly. When the interference signal appears, the AGC will suddenly change drastically. Therefore, the interference can be detected by checking the change of AGC commonly used to detect the pulsed interference (PI) and continuous wave interference (CWI). However, it is necessary to ensure that the analog-to-digital converter (ADC) has enough effective quantized bits to meet the dynamic gain range of AGC, which is difficult to realize for common GNSS receiver.
From the point of view of the receiver techniques, the effective carrier-to-noise power ratio and positioning accuracy are often used to reflect the effect of interference on characteristics at the input of the GNSS receivers [8] - [9] . When the interference is present, it may influence positioning accuracy which reflects the final capability of most GNSS receivers. On the other hand, the effective carrier-to-noise power ratio considers the interference as white noise, which is regarded as an indicator of the quality of received GNSS signal. However, both the effective carrier-to-noise power ratio and positioning accuracy depend on the performance of the specific GNSS receiver. If the interference power exceeds the anti-jamming capability of GNSS and causes the GNSS receiver not to work, the corresponding method loses its effect.
The digital signal processing techniques can be divided into time domain [10] - [12] , frequency domain, space domain, space-time domain and time-frequency (TF) domain. Time domain techniques adopting adaptive filtering techniques by using either finite impulse response (FIR) or infinite impulse response (IIR) filters have been widely considered for the mitigation of CWI [13] . An adaptive IIR notch filter requires considerably fewer filter coefficients compared with its counterpart (FIR) for the same notch bandwidth while demonstrating quite similar performance to that of the FIR [14] . There are a large number of adaptive algorithms having been developed to adjust filter coefficients of the IIR notch filters, such as recursive prediction error (RPE) algorithm [15] , lattice algorithm [16] , plain gradient (PG) algorithm [17] , and so on. These algorithms are with common characteristics that filter coefficients are computed by iteration. Generally, time domain techniques can only deal with narrow interference because wideband interference cannot be easily distinguished from Gaussian white noise.
Frequency domain techniques are generally based on spectral estimation of the incoming signal, which are obtained by the fast Fourier transform (FFT).These frequency domain techniques are typically performed by comparing the spectrum of the received signal with a theoretical threshold, which is usually determined according to a statistical model representing the received signal. When the spectral energy exceeding that threshold, it will be made to be zero or threshold [18] , then inverse fast Fourier transform(IFFT) is used to restore the remaining signal to the temporal domain [19] . However, the major concerns about frequency domain techniques are that the Fourier spectrum does not provide any time domain information about the signal. Time analysis and frequency analysis by themselves do not fully describe the nature of these signals which are referred to as nonstationary signals.
For the Space domain approaches, an antenna array is usually used to suppress wideband interference and narrowband interference, by which adaptive nulling antenna and adaptive beam forming techniques are adopted in general [20] - [21] . However, the disadvantage of spatial filtering is that the degrees of freedom are limited by the number of antenna elements; a spatial filter with a limited number of degrees of freedom is not able to sharply separate the received signal directions. In this way, the mitigation of the interfering signals in the spatial domain also results in the suppression of the useful GNSS signals, particularly when they have a direction close to that of the interfering signals. Moreover, it assumes that the GNSS signal angle of arrival (AOA) and the antenna model are known at the receiver, which is sensitive to AOA estimation errors and can have a high computational complexity. In view of above, space-time domain techniques have obtained increasing attention [22] - [23] , which can maintain lower complexity. Unfortunately, an antenna array is needed for these two kinds of interference detection and mitigation techniques, and usually cannot be installed in mobile smart devices.
TF domain techniques are mainly focused on the TF analysis, such as short-time Fourier transform (STFT) and WignerVille Distribution (WVD).These techniques are shown that interfering signals are generally concentrated in a limited area of the two-dimensional (2D) TF plane, while noise is spread over the entire plane [24] . STFT has been considered in the interference excision in DSSS communications [25] . Although STFT doesn't present cross-term interference, the TF resolution is constrained by the shape and width of the window function. WVD is well known, since it provides nearly the best TF resolution among all of the TF distributions and also satisfies a large number of good properties [26] , but it presents very severe cross-term interference without any physical meaning between true signal components (autoterms), due to the interaction of different frequency components [27] . In order to reduce the cross-term interferences thoroughly and preserve the remarkable properties maximally, the reassigned smoothed pseudo Wigner-Ville distribution is introduced (RSPWVD) [27] - [29] , which improves the sharpness of the localization of the signal components by reallocating its energy distribution in the TF plane. However, the RSPWVD can cause energy leakage at the beginning and at the end of the TF plane respectively. The energy leakage is also called end effects widely existing in WVD and its derivative distribution, which can result in a large error in the estimation of the instantaneous frequency with the peak detection method [30] .
From the above analysis, it depicts that interference detection and mitigation of GNSS receivers is very complex, one method or technique cannot handle all interference signals especially for GNSS receivers with single antenna. Among the different interference signals, broadband interference is difficult to deal with by time domain methods or by frequency domain methods. However, the time-varying broadband interference is different from the other broadband interference, whose frequency changes with time. Take the linear chirp for example; its frequency evolves linearly with time. The chirp signal is a typical nonstationary signal and has a wide range of applications in communication, sonar, radar, etc. These application scenarios are usually accompanied by GNSS receivers. In addition, some GNSS jammers generate chirp signal. Therefore, this paper takes the chirp interference as an example to study its detection method. In the literature, most of previous works on chirp interference detection and mitigation are based on time-frequency analysis techniques VOLUME 7, 2019 which are mainly focused on the trade-off of temporal resolution and frequency resolution as well as the attenuation of the cross-term interferences, while the methods on how to eliminate end effects are hardly involved. This paper aims to fill this gap.
This paper presents a regroup method based on RSPWVD to detect time-varying interference for GNSS receivers with single antenna. The performance of the proposed method has been accessed by experiments under conditions where the real BDS B1I signals corrupted by the linear frequency modulation (chirp) interference which has been shown to pose a significant risk to the normal operation of many systems reliant on GNSS are collected by the GNSS software receiver [9] . The actual performance of experiments has been used to test theoretical analysis between the proposed method and the classical TF analysis methods mentioned in this paper. Furthermore, the IIR notch filter has been used to mitigate chirp interference, which is based on direct form structure and constructed of the second-order infinite impulse response (IIR) notch filter with constrained poles and zeros [8] . The notch frequency is determined by the instantaneous frequency estimated by the proposed method. Finally, the receiver operating characteristics (ROC) cures have been adopted to evaluate the capability of the notch filter to mitigate the chirp interference by Monte Carlo simulations. The results of experiments depict that the regroup method based on RSPWVD completely eliminates not only cross-term interferences but also end effects and provides better detection performance of time-varying interference compared with the classical TF analysis methods for GNSS receivers with single antenna.
II. SIGNAL AND SYSTEM MODEL
The signal at the input of a GNSS receiver in one-path channel with the additive white Gaussian noise (AWGN) and interference is down-converted to an intermediate frequency (IF) . It is assumed that the impact of the RF front-end filter is neglected. Before entering ADC converter, it can be written
which is the sum of useful signals transmitted by N s different satellites, the jamming signals, j IF (t) and a noise term, n (t) with zero mean and two-sided power spectral density N 0 2, N s is the number of satellites in view. s IF,i (t) is the signal transmitted by the ith satellite and can be expressed as
where
• A i is the power of the ith satellite signal;
• τ i is the code phase delay introduced by the communication channel;
• c i (t − τ i ) is the pseudorandom noise code sequence; (1) can be expressed
• A J ,i is the power of the ith jamming signal;
• f inst,i (t) is the frequency of the ith jamming signal;
• θ J ,i is the phase delay of the ith jamming signal, which is assumed to be a random variable uniformly distributed in the rang [−π, +π);
• L is the number of interferences. Take the linear chirp for example; the instantaneous frequency f inst,i (t) evolves linearly with time over the interval [f start , f end ]. Therefore, the instantaneous frequency f inst,i (t) can be expressed as
where f start is the start frequency, T j is the frequency sweep period of the jamming signal and k is the rate of the frequency increase or chirp rate, written as
where B sweep stands for the sweep bandwidth of the jamming signal. The jamming-to-signal ratio (JSR) for the ith jamming signal to the jth satellite signal is defined as
The jamming-to-noise ratio (JNR) for the ith jamming signal is defined as
where B IF is front-end bandwidth. In order to overcome difficulties that arise when considering only real signals, the analytic representation of the received signal is adopted as
where thex IF (t) is the Hilbert transform of x IF (t), the use of the analytic signal x a (t) can avoid the presence of cross-terms on the TF representation, these cross-terms would be generated by the interaction between positive and negative frequency components [31] .
III. CLASSICAL TIME-FREQUENCY ANALYSIS
Among the different TF distributions, the STFT is the most widely used method for studying nonstationary signals. The basic idea of the STFT is to break up the signal into small time segments by a window function and analyze each time segment to ascertain the frequencies that existed in that segment, the totality of such spectra indicates how the spectrum is varying in time. The STFT of the signal x a (t) can be defined using a window function h (τ − t), as
where h (t) is an analysis window function, which is generally an even function with positive real values concentrated around time zero where it is maximum, its Fourier transform is concentrated around the zero frequency as well. * denotes complex conjugate.x a (t) is the analytic signal defined in Section II. The STFT is desired to study frequency properties at time t. Conversely, it is wished to study time properties at a particular frequency. The STFT is defined as
where X a (f ) is the Fourier transform of the analytic signal x a (t), H (f ) is the frequency window function, which is the Fourier transform of h (t). It is obvious from the equations (9) and (10) that there is a trade-off in the selection of the time and frequency resolution for STFT. Compared to the STFT based on the correlation method, the approaches motivated by the TF energy distribution can yield representations with a better TF. One of TF energy density functions is the Wigner-Ville distribution which is shown as [32] .
where x a (t) is the analytic signal defined in Section II and x * a (t) is the complex conjugate of x a (t). The WVD can also be rewritten as a frequency integration by applying the Parseval formula. (12) where X a (f ) is the Spectrum of analytic signal and X * a (f ) is the complex conjugate of X a (f ).
Although the WVD is superior to the STFT in many aspects, its applications are limited by the existence of the cross-term interferences which exist in two or more components. Suppose the signals as a sum of two parts
Substituting this into the definition of the equation (11), it is easy to know
this is called the cross WVD, In terms of the spectrum it is 
From the equation (17), it is clear that the WVD of the sum of two signals is not the sum of the WVD of each signal but has the additional term 2Re {W 12 (t, f )}, which is often called interference term or the cross-terms.
The WVD of two chirps is shown in Fig. 1 . In Fig. 1(a) , it is clear that there are three peaks which are more than the signal components. The peak between the two peaks is the crossterm interference whose power is beyond the power of the two signals. The cross-term interference seriously influences the auto-terms and it is hard to distinguish the true signals from the interference. In Fig. 1(b) , although the WVD suffers from the cross-term interference, its energy distribution concentrates on the TF plane and it provides nearly the best TF resolution among all the TF techniques. A simple method to suppress the cross-term interference between components sufficiently separated in time is introduced, which includes a window in WVD and is named Pseudo Wigner-Ville Distribution. It is defined as
where τ is called the lag variable, h (τ ) is the window function which is peaked around τ = 0.H (f ) is the Fourier transform of the window function h (τ ) , ( * ) denotes the convolution operation.
The window function can reduce the number of cross-term interferences and their amplitude by a smoothing function in the frequency direction since the H (f ) is a low-pass filter essentially. However, these advantages are acquired at the expense of a blurring of the auto-terms and a loss of many important desirable properties. VOLUME 7, 2019 In order to reduce the number of cross-term interferences and retain desirable properties of the auto-terms, another method which uses an additional window g (t) in order to perform a smoothing in time independently of the frequency smoothing is introduced. That is the smoothed pseudoWigner-Ville Distribution, which is defined as (19) where h (τ ) and g (µ) are even function and h (0) = g (0) = 1. From the equation (19) ,it is easy to adjust these two degrees of freedom in both time domain and frequency domain to obtain a good compromise between the localization of the auto-terms and the attenuation of the cross-term interferences. Through the above description, both PWVD and SPWVD can suppress the effect of the cross-term interferences at the cost of decreasing its TF concentration and localization properties. In order to reduce the number of cross-term interferences thoroughly and preserve the remarkable properties maximally, a reassignment method is introduced, which is named reassigned smoothed pseudo Wigner-Ville distribution. It is defined as [28] 
wheret
where τ g = t ·g (t) and D h =
dh(t)
dt . The reassignment method is to improve the sharpness of the localization of the signal components by reallocating its energy distribution in the TF plane. It can be used to eliminate the cross-term interferences for multiple signal components and has good resolution in both time domain and frequency domain. An example of RSPWVD with respect to two chirps is depicted in Fig. 2(a) , and its contour is illustrated in Fig. 2(b) .As illustrated in Fig. 2(a) , the method of RSPWVD forces the cross-term interferences to disappear and then squeezes the energy of the remaining auto-terms. Fig. 2(b) depicts that the reassignment method provides a higher concentration in the TF plane. In addition, Fig. 2(b) shows that there is energy leakage at the beginning and at the end respectively. Moreover, there is energy leakage in Fig. 1 as well. The energy leakage also called the end effects can cause the energy disperse at each side of the TF plane, which can result in a large error in the estimation of the instantaneous frequency with the peak detection method [30] . 
IV. REGROUP METHOD
In section III, STFT, WVD, and RSPWVD have been introduced. STFT is subject to the selection of the analysis window function which is the trade-off of temporal resolution and frequency resolution. WVD does not need to consider the trade-off between time resolution and frequency resolution. However, it suffers from the cross-term interference and end effects. RSPWVD can reduce cross-term interferences while it still suffers from end effects. In order to eliminate the end effects, the regroup method based on RSPWVD is introduced, which is displayed in Fig. 3 and based on the following steps: Firstly, the RSPWVD of analytic signal is computed with the sample number of N .
Then the results of RSPWVD with number from N /4 to 3N /4 are intercepted to be stored for the Regroup data with number from zero to N /2, while the number from zero to N /4 and the number from 3N /4 to N for the results are discarded.
Furthermore, RSPWVD of analytic signal is computed again with the sample number from N /2 to 3N /2 and the results of RSPWVD with number from 3N /4 to 5N /4 are intercepted to be stored for the Regroup data with number from N /2 to N , this process is followed and repeated.
Finally, the data stored in the Regroup is free from end effects and used to estimate the instantaneous frequency by the peak detection method. The proposed method discards the initial N /2 samples which have no effects on the processing signal and make the data unaffected by end effects.
A. THRESHOLD SETTING
The threshold settings of interference detection depend on the distribution of the noise. When the interference is absent, the GNSS signals are buried in thermal noise which is assumed to be zero mean, independent and identically distributed (IID). As a result, the complex random variable x a (t) in equation (8) is zero mean, independent and identically distributed. Its magnitude spectrum φ (k, l) can be written as [33] 
where k = 1, . . . , Q; l = 1, . . . , Q, Q is length of samples. Regroup x a (t k , f l ) is the result based on RSPWVD. The variable |φ (k)| follows a Rayleigh distribution. The threshold setting is written [34] T h k = φ (k) 4 π −ln P false (24) where
It is the average mean of φ (k, l), P false is false alarm rate.
B. PEAK DETECTION METHOD
In this paper, the peak detection method is used to estimate the instantaneous frequency of time-varying interference. The detail is represented as following Firstly, find the maximum of φ (k, l) in equation (23) named φ (k, l max ) with the variable l from one to Q. The frequency at which the maximum l max is located is the instantaneous frequency estimation at sample k denoted as
Then, find all maximum points of φ (k, f esti ) with the variable k from one to Q. The results are instantaneous frequency estimation of interference.
C. ROOT MEAN SQUARE ERROR
In order to assess the proposed method, the root mean square error (RMSE) of the instantaneous frequency estimation is presented as following
where f esti (i) is the estimation of the instantaneous frequency, f inst (i) is the actual value of the instantaneous frequency, Q is sample number.
D. RECEIVER OPERATING CHARACTERISTIC
The receiver operating characteristic (ROC) is presented to evaluate the acquisition performance of GNSS receivers, which plots the detection probability (P det ) versus the false alarm probability (P false ). The capture module commonly used in GNSS receivers can be regarded of as a Neyman-Pearson detector corresponding to the two hypotheses: Null hypothesis, H 0 : the GNSS signal is absent or inconsistent with local replica;
Alternative hypothesis, H 1 : the GNSS signal is present or consistent with local replica.
The detection probability and the false alarm probability can be written as [35] P false (β) = P (X > β|H 0 ) (28)
where β is fixed threshold, X is random variable. In this paper, in order to compare the effects of described methods (including STFT, WVD, RSPWVD and REGROUP) on interference mitigation, the false alarm probability P false on the ROC curve is replaced by JNR and set to be fixed value. Such modifications will not affect the performance of the ROC.
V. PERFORMANCE ANALYSIS
To test the capability of the regroup method based on the RSPWVD to detect the chirp interference for GNSS receivers with single antenna, an experiment with respect to the BDS B1I case is conducted by using the developed GNSS software receiver [9] . The scheme of the experiment is described in Fig. 4 , and the hardware setup adopted for collecting the BDS data is illustrated in Fig. 5 . As shown in the Fig. 4 and Fig. 5 , the BDS signals are received by the Trimble Zephyr Geodetic 2 antenna which is placed on the roof of the new main building at Beihang University in the open sky and static condition and pass through serial stages of preamp, down converter, ADC, interference detection and mitigation and GNSS software receiver. In this experiment, the down converter digitizer parameters are recorded in Table 1 .
Firstly, the experiment is conducted under conditions where the BDS B1I signals are corrupted by the simulated chirp interference. The JNR value of the chirp interference is set to be 2dB, the instantaneous frequency of the chirp signal is from 40MHz to 60MHz, the sweep bandwidth is 20MHz and the sweep period is the 10us. In Fig. 6 , the STFT of the BDS B1I signals with the chirp interference is displayed where the Hamming window function is selected. In Fig. 6(a) , the window size of the Hamming window function is 15 samples, where the chirp interference appears in the TF plane, but its frequency localization properties is very poor. In order to improve the frequency localization properties, the other Hamming window function whose length is 31 samples is adopted. From Fig. 6(b) , it is distinct that the frequency resolution is improved with the length of the window function increasing in time domain at price of reducing the resolution in time domain. From the Fig. 6 , it verifies the conclusion again that the STFT shows poor time localization and frequency localization, which depend on the window length and window type.
In addition, in order to deal with the trade-off problem in the selection of the time and frequency resolution, the WVD of the BDS B1I signals with the chirp interference is shown in Fig. 7 . From Fig. 7(a) , it depicts that the chirp interference clearly emerges from the noise floor. Besides, there are the cross-terms surrounded by the noise floor because of the interaction of the different components between the BDS B1I signals and the chirp interference. Fig. 7(b) illustrates that the chirp interference represents with its linearly changing frequency and its spectral localization property is guaranteed very well. However, there are many cross-terms around the chirp interference. As a result, it is difficult to identify the chirp interference from the cross-terms, which lead to much error in estimating the instantaneous frequency of the chirp interference. From the Fig. 7 , the WVD of analytic signal provides good spectral localization property at the price of introducing the cross-terms which have no actual physical meaning and lead to serious influence on the auto-term. In order to solve this problem, another reassignment method of the BDS B1I signals with the chirp interference is depicted in Fig. 8 .
In Fig. 8(a) , it is distinct that the reassigned smoothed pseudo Wigner-Ville distribution of the BDS B1I signals with the chirp interference provides the sharp peaks in the TF plane, without introducing the cross-term interferences. In Fig. 8(b) , the energy of the chirp interference squeezes in the TF plane, which illustrates a clearer outline of the chirp interference with linearly changing frequency. However, Fig. 8(b) also represents that there is energy leakage at both ends of the TF plane, which causes the energy disperse at each side of the TF plane. In order to eliminate the end effects, the regroup method based on RSPWVD is proposed under the condition where the BDS B1I signals are corrupted by the chirp interference, which is illustrated in Fig. 9 . In Fig. 9(a) , it is evident that the regroup method based on RSPWVD provides the sharp peaks at both ends of the TF plane without introducing the cross-term interferences. In Fig. 9(b) , it represents that the energy of the chirp interference concentrates along the straight line of instantaneous frequency in the whole TF plane across which a clearer ridge is depicted. From Fig. 9 , it is obvious that the regroup method based on RSPWVD completely eliminates the end effects and greatly improves the energy concentration of the chirp interference at both ends of the TF plane. It provides an efficient method to estimate the instantaneous frequency of the chirp interference for GNSS receiver.
What's more, in order to assess the performance between the regroup method based on RSPWVD and the classical TF analysis approaches mentioned in this paper, Table 2 lists the computational requirements of the described methods. These requirements have been calculated based on N points in data sequence with conditions where the length of time window is M and the length of frequency window is L, assuming that a complex analytic signal is available as input data. The log ( * ) denotes the logarithm based on 2. From the Table 2 , it shows that among the described methods STFT needs the least mathematical operations while WVD needs the most mathematical operations. The mathematical operations of REGROUP are twice that of RSPWVD, whose mathematical operations are between STFT and WVD.
On the other hand, the root mean square error of the instantaneous frequency estimation provided by the peak detection method for chirp interference is used and displayed as function of the JNR in Fig. 10 . From the Fig. 10 , it represents that STFT provides the poor RMSE of the instantaneous frequency estimation. The instantaneous frequency estimation error almost doesn't change as the JNR increases and remains at a level about 10 −1 . The WVD approach improves the instantaneous frequency estimation error with one order of magnitudes. While the RSPWVD approach provides higher precision of instantaneous frequency estimation error compared with the WVD approach. However, the RMSE with these two approaches remains almost constant level as the JNR increases. For the regroup method based on RSPWVD, it offers the highest precision of the instantaneous frequency estimation error with a declining level close to 10 −3 as the JNR increases. From the Fig. 10 , it depicts clearly that the regroup method based on RSPWVD provides a better performance of the instantaneous frequency estimation compared with the classical TF analysis approaches in chirp interference detection for GNSS receivers.
From the above analysis, it arrives at a conclusion that the chirp interference is a continuous wave interference at any fixed time. Once the instantaneous frequency of the chirp interference is estimated, it can be mitigated by a notch filter based on direct form structure, which is constructed of the second-order infinite impulse response (IIR) notch filter with constrained poles and zeros. There are two parameters named α and β of the notch filter. The parameter α is determined by the power of the interference and the parameter β is determined by the instantaneous frequency estimated by the regroup method respectively. The receiver operating characteristics (ROC) cures are drawn as Fig. 11 by Monte Carlo simulations to test the capability of the notch filter to mitigate the chirp interference under conditions where the BDS B1I signals are simulated with the chirp interference, the C/N is set to 44dB-Hz, the false alarm probability is set to be 10 −5 and the coherent integration time is set to be 1ms.In Fig. 11 , it is clear that the ROC curve presents severely degraded acquisition performance when it comes to the chirp interference with the JNR increasing. However, when the notch filter is used to mitigate the chirp interference, the ROC curves depict improved acquisition performance. From the Fig. 11 , the Regroup method provides better acquisition performance compared with the other described methods. The analysis results illustrate that the regroup method based on RSPWVD has capability to detect the chirp interference and help to mitigate the chirp interference by notch filter. It provides an effective method to detect and mitigate the chirp interference for GNSS receivers with single antenna.
VI. CONCLUSIONS
This paper presents a regroup method based on RSPWVD to detect time-varying interference for GNSS receivers with single antenna. The performance of the developed method has been accessed by experiments under conditions where the real BDS B1I signals corrupted by the chirp interference are collected by the GNSS software receiver. The actual performance of experiments has been used to test theoretical analysis between the proposed method and the classical TF analysis methods by the quantitative metric RMSE of the instantaneous frequency estimation.
In addition, the IIR notch filter has been used to mitigate chirp interference, which is based on direct form structure and constructed of the second-order infinite impulse response (IIR) notch filter with constrained poles and zeros, whose frequency is determined by the instantaneous frequency estimated by the proposed method.
Finally, the receiver operating characteristics (ROC) cures have been adopted to evaluate the capability of the notch filter to mitigate the chirp interference by Monte Carlo simulations. The results of experiments depict that the regroup method based on RSPWVD completely eliminates not only cross-term interferences but also end effects and provides better detection performance of time-varying interference compared with the classical TF analysis methods for GNSS receivers with single antenna.
